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Abstract 


Title  of  thesis:  Atsiospheric  Excitations  Produced  by  Fast  Electrons 

Richard  Earl  Paynsj  Master  of  Sclanca* 

Thesis  diractad  by:  Professor  S.  Fred  Singer 

Fast  electrons  with  energies  in  the  kev  and  mev  range  produce  a  spectrum 
of  secondary,  tertiary,  etc.  electrons  in  the  upper  atmosphere  by  ionizing 
air  molecules.  The  secondary  and  lower  order  electrons  have  energies  less 
than  1^  ev  but  the  total  number  produced  is  large  compared  to  the  number  of 
primaries  so  that  a  considerable  proportion  of  the  total  energy  is  possessed 
by  the  secondaries.  The  secondaries  can  therefore  be  significant  in  exciting 
molecules  and  producing  light. 

The  experiments  described  in  this  paper  show  that  electrons  with  energies 
of  less  than  1^  ev  colliding  with  air  molecules  at  pressures  of  lO"*  to  lO’*  i 
of  Hg  produce  a  spectrum  in  the  ^000  A  to  ^000  A  range  which  is  similar  to 
that  in  the  aurora.  The  principal  spectral  lines  are  from  the  second  positive 
and  first  negative  systems  of  molecular  nitrogen.  The  intensities  of  the  two 
systems  agree  with  theoretical  calculations  which  show  that  they  should  be  of 
the  same  order  of  magnitude  and  more  intense  than  other  systems  in  this  wave¬ 
length  range. 

The  efficiency  of  the  process,  defined  as  the  ratio  of  the  rate  at  which 
energy  leaves  the  system  in  the  form  of  radiation  to  the  rate  at  which  energy 
enters  iti  the  electron  beam,  is  calculated  to  be  of  the  order  ^  x  10***  for  the 
system  used  in  the  experiments. 

An  experiment  is  described  in  which  en  electron  gun  will  be  carried  into 
the  upper  atmosphere  by  a  rocket  to  give  another  test  of  the  efficiency  of  the 
light  producing  process. 


Pr«fac« 


Physicists  studying  th«  phenoman*  of  tho  aurora  have  developed  theories 
of  Its  origin  Mhich  have  mostly  dealt  with  high  speed  charged  particles 
which  Ionize  and  excite  air  nolecules  In  the  upper  atmosphere. 

The  purpose  of  the  research  represented  In  this  thesis  was  to 
examine  the  spectra  produced  In  the  laboratory  by  electrons  with  energies 
of  less  than  1^  ev.  The  results  are  compared  to  experimental  data  on 
the  aurora  and  results  of  calculations  on  electron  beams  In  air. 
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CHAPTER  I 


COLLISIONS  OF  ELECTRONS  WITH  AIR  MOLECULES 

Theorist  of  the  origins  of  tho  aurora  deal  mainly  with  the  interactions 
of  high  anargy  aiactrons  and  air  moiaculas  and  atoms.  These  Interactions 
consist  of  collisions  which  ionize  and  excite  the  atoms  and  molecules. 

Experimental iy,  and  theoretically  in  the  case  of  hydrogen,  high  energy 
primary  electrons  In  a  gas  collide  with  the  atoms  and  molecules  and  produce 
a  spectrum  of  low  energy  secondaries.  The  distribution  of  electrons  is  not 
known  for  gases  other  than  atomic  hydrogen.  Since  the  secondary  electron 
distribution  is  insensitive  to  detailed  atomic  structure,  the  distribution  in 
air  should  be  fairly  close  to  that  in  atomic  hydrogen.  Table  1^  shows  the 
energy  distribution  of  secondary  electrons  for  high-velocity  impacts  in  atomic 
hydrogen.  These  calculated  values  fail  between  two  sets  of  measurements  in 


Table  I 


Secondary  Electron  Spectrum  from  ionization  by  High-Velocity  Impacts  of 
Electrons  in  a  Gas  of  Hydrogen  Atoms  (Meyerott,  Physics  of  the  Ionization 
Processes  in  Air,  Table  A-ll,  p.  A-5) 


Energy  of  Secondary 
Electrons,  ev 


Energy  of  Incident  Electrons,  ev 

10*  10*  iO*  10* 

(Percentage  of  all  secondary  electrons) 


0  -  3.39 

35.0 

35.4 

57.3 

38.9 

3.59  -  6.77 

17.9 

18.5 

19.0 

19.5 

6.77  -  15-54 

17.9 

17.7 

17.7 

17.7 

15.54  -  27.1 

15.7 

12.7 

12.2 

11.7 

1 

b\ 

5.5 

4.7 

4.3 

4.0 

40.6  -  67.7 

5.5 

4.6 

4.0 

3.5 

67.7  "  15^.4 

4. 1 

2.5 

5.1 

2.5 

over  135.4 

2.5 

5.1 

2.6 

r. 

(I.  •  i. 

1 
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alf)  one  at  7  to  l4  kev*|  and  the  other  at  100  to  ^00  ev*.  The  individual  sets 
of  measurements  showed  little  variation  with  energy  of  the  primary  electron  but 
had  considerable  difference  between  them. 

In  the  case  of  a  gas  of  atomic  hydrogen,  calculations*  show  that  the 
number  of  primary  ion  pairs  produced  by  a  high  velocity  electron  Is  Cp/60  where 
Ep  is  the  energy  of  the  primary.  Calculations  and  experiments*  show  that  the 
total  number  of  Ion  pairs  produced  by  high  velocity  electrons  Is  E2/37  where 
this  number  Includes  the  ionizations  by  the  secondary  and  lower  order  electrons. 
Valentine  and  Curran*  show  that  a  primary  proton  or  electron  loses  on  the 
average  about  33  ov  for  every  Ion  pair  produced  in  air. 

We  are  particula'’ly  i'terested  in  electrons  in  the  low  energy  region, 
less  *han  I30  ev.  By  the  time  they  have  reached  this  region  the  primary 
electrons  have  lost  90  per  cent  or  more  of  their  original  energy  and  are  not 
as  interesting  as  the  secondary  and  lower  order  electrons.  The  number  of 
these  electrons  is  about  ^  so  that  the  number  of  lower  order  electrons  is 
larger  than  the  number  of  primaries  for  Ep  >  33  ev.  A  look  at  Table  I  shows 
that  there  is  a  considerable  amount  of  energy  distributed  among  the 
secondaries  and  that  about  30  per  cent  of  them  have  enough  energy  to  ionize 
further.  Therefore  these  lower  order  electrons  are  quite  important  in  pro¬ 
ducing  the  spectra  that  arise  from  high  energy  electrons  passing  through  air. 

Experimental  studies  by  Tate  and  Smith^  and  earlier  by  Smith*,  combined 
with  theoretical  estimates  by  Schiff  and  Merton*,  show  that  the  probability 
oF  ionization  for  the  gases  in  which  we  are  interested  rises  from  zero  at 
the  ionization  potential  to  a  maximum  near  I30  ev  after  which  it  steadily 
decreases.  For  any  particular  energy,  the  absolute  probabilities  of  ionization 
ars.  about  the  soi.te  for  the  principal  gases  in  air.^ 
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The  experiments  described  on  the  following  pages  v^ere  undertaken  to 
determine  the  spectra  produced  by  electrons  with  energies  of  less  than  1^  av 
when  colliding  with  air  molecules.  From  these  spectra  are  calculated 
absolute  intensities  of  the  spectral  lines  and  an  estimate  of  the  efficiency 
of  electrons  In  producing  photons. 
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CHAPTER  M 
EXPERIMENTAL  METHOD 

A  beam  of  electrons  of  energies  varying  from  %  ev  to  1^  ev  was  used 
to  excite  end  Ionize  gas  molecules  and  Ions  in  a  vacuum  bell  Jar  at  pressures 
of  5  X  lO”*  to  10  *  mm  cf  mercury.  The  light  resulting  from  the  de-excitation 
and  recombination  was  focused  on  the  entrance  slit  of  a  Jarrell-Ash  two-meter 
spectrometer  by  a  system  of  two  lenses.  Photographs  were  taken  of  the 
spectrum  in  the  wavelength  range  3*^*^  to  6000  A  and  the  wavelengths  of  the 
spectra]  lines  deterT:< -led. 

A.  Elect'‘on  Gun 

A  primary  cons ide rat  lo*'  w-s  electron  gun.  ':t  was  desired  that  it 
be  simple^  easy  to  build  and  replace^  and  capable  of  oroducing  a  beam  which 
would  make  enough  to  he  ;<-og«-'Cf'e'l  w  th  the  spectrometer.  The  last 

requirement  meant  ^Iso  thii.  tir.  ;''>4id  be  fei'ly  stnall  in  cross  section. 

1.  Filaments:  Sircc  ^  ./as  'ecev-e-/  io  be  able  to  open  the  vacuum 
system  from  time  to  time  ars*.  ne  fart-  were  to  be  eas'Iy  replaceable,  It  was 
decided  that  tungsten  t  ■  i  am**''  i  ne  the  mo«t  suitable.  A  convenient 

source  of  tungsten  filaments  <i  Sct»sfactory  size  was  found  to  be  kO  watt 
t luorescent . 1 ight  tubes.  Who),  heated  with  100  to  200  watts  they  yielded 
;■  c’jr.-ent  on  tne  orde-  of  one  ampere.  At  the  temperature  at  which  this 
c._r"cr'  was  me  h.jd  '-fetimes  of  several  hours.  The 

ocei-ftt  1,1  1.1 -^^6'  w>rr  determined  hy  nc reas t ng  the  current  through  the  filament 
unt '  I  failed.  A  vaije  o*  ribout  >C  per  tent  less  than  the  failure  current 
w,? s  i.  V cd  •  n  the  CAP t  r  i  ivi-r.  t  , 

wh‘.r  anod'.:  voit  ne:  of  tho"  100  «'olts  v/cre  used  It  w.  .•  found 

nccoiiarv  co  rj!  c.  :  l.-in.  ;  ■  ;>  jn  hour  O'  so  a"  v/orking  tempcrdti.re  and 

ai  a  p  e  eyro  well  below  that.  i...  used  it  the  experiment.  Otherwise  arc'^g 
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and  ditchargas  occurred  whan  the  anoda  voltaga  was  turned  on  which  tometlmei 
burned  out  the  fMaaiant.  The  best  method  for  raachtng  the  conditions  used 
In  the  experiments  was  found  to  be  the  following: 

!•  Outgas  the  filament  for  approximately  one  hour  with  0.9?  amps/f I  lament 
flowing  through  the  filament  at  a  pressure  of  about  I0~*  mm  of  Hg. 

2.  Turn  off  the  fllasient. 

Set  the  anode  voltage  at  the  value  to  be  used  In  the  experiment. 

4.  Slowly  increase  the  filament  current  from  zero  to  0.9?  amps/f I  lament, 
the  value  used  In  the  experiments.  Oo  not  let  the  pressure  rise 
above  abbut  lo'*  mm  of  Hg  in  this  step. 

Increase  the  pressure  to  the  value  to  be  used  In  the  experiment. 

Since  sufficient  power  was  available,  two  filaments  were  connected  in 
oarallel  in  ell  o*  the  expe^’lments. 

Anothe''  reason  for  uaing  tne  fluorescent  tube  filaments  beyond  the  fact 
that  they  gave  suff  cient  carrenr  was  that  they  were  a  convenient  size 
dimensionally.  Trie  anode  chosen  was  an  aluminum  disc  with  a  hole  in  the 
cente'-  w’th  a  diameter  the  ^ame  a*,  that  desired  for  the  beam.  Any  electrons 
coming  f'-om  e  part  of  the  finment  not  beneath  the  hole  vrould  go  directly  to 
the  anode  and  not  contribute  to  the  beam  current. 

2.  Anode:  Several  types  of  anodes  were  tried  to  see  if  any  would 
contribute  to  the  beam  current  a  significantly  larger  proportion  of  the 
electron-  leaving  the  filament  than  the  others.  One  did,  but  the  beam  In 
iti  case  was  of  large  diameter  and  fairly  diffuse  so  that  It  was  decided  not 
to  use  it. 

Four  differeit  anodes  were  tested: 

i  .  A  4"  in  diameter  and  with  a  Y/6"  hole  in  the  center 

gave  the  most  well  defined  beam  and  was  the  anode  used  in 
the  experiments.  The  hole  size  was  choser  for  two  reasons 


One,  !t  was  desired  to  have  a  beam  about  I"  in  diameter. 

Anything  larger  than  this  would  not  have  contributed  to 
the  light  go’ng  to  the  spectrograph.  Two,  according  to 
Haioff  and  Epsteirf^,  beam  current  increases  with  the 
solid  angle  that  the  anode  hole  subtends  at  the  cathode 
This,  of  course,  is  also  another  reason  for  the  choice  of 
fiiasients.  They  gave  a  good  beam  size, 
il.  A  disc  of  copper  window  screen  wire  was  mounted  on  an 
aluminum  rt^g  w'th  inside  d'smete*-  5  i^^"  and  outside 
diameter  U"  T»'!s  gave,  the  highest  proDortion  of  beam 
current  bur  nor  by  a  factor  ierge  enough  ro  counteract 
the  fact  that  tr^e  beam  wa-  '»rg*.*  in  diameter  and  there¬ 
fore  if  wre  diffuse  light  jounce 
iii.  A  wire  ring,  7 '8'*  t  diameter,  ;f  No  10  wire  wes 

supported  by  three  tnin  w«re.*  connected  to  the  ring 

to  ^uppo^T  the  «creen  w're  'n  b  This  gave  approx¬ 
imately  the  same  porporfon  of  beam  current  f 
Iv.  This  was  another  w're  ring,  the  same  a>  c  except  that 
the  wire  size  was  No  18. 

Experimental  setup: 

The  filament  was  supported  by  its  connecting  wires.  The  anode  stood 
0-  top  ’hee  plexiglass  legs-  The  walls  and  top  of  the  bell  Jar  were 
lined  with  screen  wire.  I’his  was  connected  to  the  same  potential  as  the  anode 
and  the  current  to  the  screer'  was  assumed  proportional  to  the  beam  current. 
■'vpica!  value.' 

lotal  C'.  ren':  v/as  quite  ‘cnsitive  t-'*  j)r(:.;.>urc  changes.  Since 
pressure  varied  '.lightly  among  the  readings,  absolute  values  of  the  current 


v«ere  not  important.  What  was  sought  was  tha  ratio  of  the  current  to  the 
screen  wire  to  the  total  current. 


Anode 

* anode 

1 

scraan 

'total 

Ratio 

a. 

9.T  ma 

7.3  ma 

17.0  ma 

•  57 

b. 

17 

‘f.7 

21. 7 

.78 

c. 

10 

7.5 

17-5 

•  57 

d. 

18 

7.5 

29 

.62 

3-  FI  lament -Anode  spacing:  According  to  Haio^f  and  Epstein^^  the  beam 
current  Increases  w^th  decreasing  cathode-anode  tpacng,  reaching  a  maximum 
at  zero  spacing  The  S'.pport  pieces  of  the  filaments  extended  under  the 
anode  so  the  filamei-t«  were  brought  as  close  as  possible  to  the  anode 
with  no  risk  of  contect.  Th*s  distance  was  about  1/8".  Another  effect 
which  dictated  some  spacing  wes  beam  spreading.  The  beam  was  conical 
shaped  and  became  w'>der  a.-  the  fi  lament -a node  distance  was  decreased.  One- 
eighth  Inch  spacing  gave  a  reasonable  beam  shape  The  values  chosen  gave 
a  cone  with  an  ang’e  of  about  degrees. 

4  Beam  cu'rent  During  the  recording  of  the  ‘pectra  it  was  decided 
that  a  measure  of  the  efficiency  of  the  photon-producing  process  would  be 
a  useful  result.  Since  the  quantity  measured  in  the  experiment  was  the 
total  current  reaching  the  arwde  it  was  necessary  to  make  an  accurate 
determination  of  what  proportion  o^  the  anode  current  was  contributed  by 
the  beatr 

A  metal  cylinder  with  one  open  end  and  diameter  the  seme  as  that 
of  the  anode  was  inverted  over  the  anode  The  space  between  them  was  1/2". 
The  fjf'ode  and  the  beam  collector  were  maintained  at  equal  positive 
potentials.  ( t.  v.ns  found  that  the  fraction  of  the  total  current  in  the  beam 
decreased  with  increase  in  the  total  current  from  a  value  of  .2  at  2.5  ma 
to  .06  at  iOO  ma  Beyond  iOO  ma  it  •^ema'ned  ronstanr 
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B.  Pressure 

Th«  light  output  from  the  electron  beem  wes,  of  course,  quite  sensitive 
to  the  density,  i.e»  pressure,  of  the  elr  in  the  vecuun  system.  The  reeson 
for  this  is  the  decreese  In  meen  free  peth  of  electrons  with  en  Increese  in 
pressure.  At  pressures  below  10  *  sieny  of  the  electrons  will  not  undergo 
collisions  before  they  reech  the  wells  of  the  vecuum  system.  As  the  pressure 
increases,  the  probability  of  collisions  within  the  vacuum  system  IncreaseSv 
Also  the  mean  free  path  of  the  electron  decreases  so  that  the  area  of  col- 
H?ion«,  '  e  soi.'^ce  of  I'ght,  decreases  and  the  llgh”  source  becomes  more 
Intense.  More  of  the  light  produced  can  then  be  focused  on  the  spectrometer 
slit. 

There  was  an  upper  I  inr.i ration  also  to  the  pressure  range  which  could 
be  used.  Oischerge  began  jt  p^ei.ures  of  10  *  to  10  *  mm  o*  Hg  depending 
on  the  anode  voltage  ’’he  pressure  range  u»ed  we$  determined  by  finding  the 
pressure  at  wn  ch  d  scharge  began  for  the  wo' rage.  used.  Pressure  was  then 
kept  si'ghtiv  belou'  th’s  value  fn  as  sTell  e  range  as  teas  practical  with 
the  o-a'lebls  of  regulating  the  presiure 

Pressure  regulation  was  difficult  becdu-.e  tne  oni/  ledk  valve  in  the 
vacuum  system  was  between  the  oil  diffusion  pump  and  tne  mechanical  pump. 

Ine  method  used  to  maintain  pressures  was  then  necessarily  not  the  bast  that 
m'ght  hi-ve  be“n  devised  had  there  been  a  leak  directly  into  the  bell  Jar. 

rh.‘  p'3w»c'  ro  the.  o'i  diffusion  pump  was  reduced  so  that  only  about 
7^)  vc’*:«  appeared  acres.-  the  neating  coils  Instead  of  110,  Then,  air  was 
lee-ked  in  .lowly  thrjjgh  the  leak  valve  until  a  position  of  the  valve  was 
f'nind  which  wou'ri  •’laintain  the  pressure  desired.  Several  adjustments  of  the 
valve  were  uiuaiiy  found  necessary  during  an  expo’^ure  Leaking  a'r  !,■ 
through  the.  leak  valve  Increased  the  back  pressure  on  the  oil  diffusion  pump 
and  decrea-ed  the  pumping  speed 
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C.  Optics 

An  optical  system  consisting  of  two  lensss  was  used  to  focus  the  Image 
of  the  electron  beam  on  the  spectrometer  silt.  The  lenses  were  3"  In 
diameter  and  had  a  h.y*  focal  length.  One  was  Inside  the  vacuum  chamber 
and  the  other  outside,  as  shown  In  Fig.  I. 

A  stop  was  included  between  the  lenses  and  outside  the  bell  Jar  to 
prevent  light  other  than  that  from  the  electron  beam  from  reachincj  the  slit. 

0.  Anode  power  sources 

For  early  experiment.,  a  D.C.  power  supply  was  used  which  supplied  about 
300  volts.  However,  at  the  currents  which  the  system  drew,  this  loaded 
badly  and  one  exposure  using  this  supply  was  taken  at  30  volts  because  of  the 
high  current  drawn.  Later,  a  storage  battery  supply,  used  normally  for 
powering  the  carbon  arc,  was  substituted.  This  gave  l60  volts  at  as  much 
cur^|;^t  as  was  needed.  As  mentioned  before,  the  excitetion  and  ionization 
of  mo’ecules  and  atoms  has  a  maximum  efficiency  at  electron  energies  of 
about  130  ev  .  Fo'-  this  reason  the  battery  supply  was  preferable. 

E.  Tungsten  evaporation 

Since  the  filaments  were  operated  at  temperatures  approaching  the  point 
at  which  they  failed,  a  considerable  amount  of  tungsten  was  "boiled"  off  and 
deposited  on  all  surfaces  inside  the  bell  Jer.  A  heavy  coating  of  tungsten 
OP  the  lens  and  the  port  of  the  bell  jar  through  which  light  passed  would  have 
Cut  do>.n  the  intensify  of  the  light  reaching  the  spectrometer  slit  Since 
the  filaments  were  replaced  for  each  exposure,  the  lens  and  bell  Jar  (in  the 
area  where  light  passed  through)  were  cleaned  while  the  system  was  open. 

^  Photography 

The  light  from  the  electron  beam  was  quite  dim  The  lines  were  iiol 
visible  with  the  naked  eye  in  the  spectrometer  Photographing  the  spectra 
thus  became  a  problem.  Kodak.  Double-*  and  Tri-x  panchromat'C  ♦ilins  were 
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tried.  For  the  length  of  exposures  necessery,  Oouble-x  wes  prefereble  to 
TrI-x  both  In  grein  sixe  and  apparent  speed.  The  term  "apparent  speed"  Is 
used  for  several  reasons. 

1.  The  length  of  exposure  varied  from  one  to  six  hours.  The  film  speed 
supplied  by  the  manufacture,  does  not  strictly  apply  in  cases  where 
the  exposures  ere  so  long. 

2.  Quantities  such  as  pressure  end  anode  voltage  varied  somewhat  over 
the  length  of  an  exposure  so  that  It  wes  not  possible  to  taka  two 
pictures  exactly  alike. 

Nevertheless,  Ooubla-x  definitely  did  seem  to  allow  a  better  exposure  In  lass 
time.  There  was  no  doubt  in  the  improved  grain  size  with  Double-x  film. 

In  making  a  choice  of  this  type,  allowances  must  be  made  for  the  equip¬ 
ment  wnjch  wii*  be  used  to  evaluate  the  results.  In  this  case  the  comparator 
used  to  find  the  wavelengths  of  the  spectral  lines  had  a  bearing  on  the 
choice  of  f i Im. 

The  comparator  used  employed  e  microscope  with  a  fairly  high  megnlfi- 
cariop.  The  higher  the  magnification,  the  smaller  the  area  of  film  which 
appears  in  the  eyepiece.  For  a  very  narrow  spectral  line  such  as  those  that 
appeared  in  the  mercury  reference  spectra  this  does  not  make  much  difference 
for  the  order  of  magnitude  of  magnification  and  diameter  of  objective  lens 
in  the  comparator  Hovtever,  when  viewing  molecular  spectra,  one  sees  not 
r,r>ty  cJisc'Cte  1  i 00':-  but  bands.  The  weaker  bands  that  appear  on  the  film  will 
often  seem  1 i  ke  v&i  y  v/ide  lines  that  change  density  gradually-  For  many  of 
their-  spectrometer  cannot  resolve  the  lines  in  the  band  In  a  case  like 
ti  -  the  band  m.-'v  spread  over  a  considerable  portion  of  the  field  of  view 
of  a  medium  mit.ioscope;  then  the  change  in  density  will  be  kl.V'/ 

difficult  to  see.  In  a  case  like  this,  the  line  may  be  seen  more  easily  with 
the  naked  eye  or  under  try  low  magnif icot ioo  for  st/era’  of  the 
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tines  in  the  spectre  it  was  necessary  to  find  the  approximate  position  of 
the  line  using  a  miilimetar  rule  and  a  Iom  power  (3x)  magnifier.  Knowing 
the  approximate  position  one  could  then  usually  find  the  line  with  the 
comparator  microscope. 

Development 

Two  types  of  developers  %«are  used.  Kodak  Nicrodol  developer  was  avail¬ 
able  and  was  used  in  early  experiments.  As  soon  as  it  could  be  procured, 

Kodak  MIcrodol-x  was  used  for  better  contrast  and  finer  grain. 

Since  exposures  were  difficult  it  was  desired  to  get  as  much  as  possible 
out  of  each  exposure.  Following  this  line  of  reasoning,  the  exposures  were 
overdeveloped  for  maximum  contrast.  The  development  procedures  for  the  two 
types  of  developers  were  as  follows: 

Mic'odol 

Development;  twenty  minutes  with  agitation  at  JO-second  intervals 
Rinse;  thirty  seconds 
Fix;  Kodax  Rapid  Fixer  for  fou**  minutes 
Rinse-  three  minutes 
M i d  rodo i -x 

Development;  sixteen  minutes  with  agitation  at  30-second  intervals 

Rinse;  thirty  seconds 

Fix;  Kodak  Rapid  Fixer  for  four  minutes 

Rinse,  three  minutes 

'''he  development  times  were  determined  by  experiment  as  giving  maximum  contrast. 
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Chapter  1 1 1 

Wavalangth  Haaturamants 

A.  Spectral  Analysis 

Tha  Unas  and  band  heads  found  are  listed  In  Table  III  with  the  mercury 
lines  used  for  a  comparison  spectrum.  Tha  principal  source  for  ldentlfica> 
tions  was  Pearce  and  Gaydon^*  Two  sets  of  lines  appear,  one  of  which  Is 
from  an  exposure  of  three  hours  at  an  anode  voltage  of  ^  volts.  The 
second  set  is  from  an  exposure  of  six  hours  at  an  anode  voltage  of  100 

VO I ts. 

>t  is  obvious  from  Table  Hi.  that  the  lines  come  principally  from  the 
nitrogen  molecule,  more  specifically  from  the  first  negative  and  second 
positive  systems.  Conspicuous  is  the  absence  of  any  lines  due  to  oxygen. 
Table  jl  gives  a  distribution  of  ions  produced  by  ^  ev  electrons  moving 
through  air  From  this  distribution  we  can  see  that  Indeed  the  molecular 
nitrogen  should  provide  most  of  the  spectra 


Table  I ' 

Distribution  of  Positive  *on«  Produced  by  ^  ev  Electrons  in  Air  (Heyerott, 
Physics  of  the  Ionization  Processes  in  Air,  Table  A-ll,  p.  A-12) 

Ion  Per  cent 

N  *  62-5 

2 

22.:^ 

0  12.5 

2 

o'*"  2.5 


The  use  of  jjer.chromat i c  film  set  a  lower  limit  of  about  5000  A  to  the 
r-Jiige  of  wave  leiigths  which  could  be  photographed.  The  upper  limit  of  .v>  A  A 
was  set  by  the  spectrometer.  Ail  lines  were  found  in  the  interval  3500  A  to 
5000  A: 


13 


B.  W«v«l«ngth  uncarta  I ntles  ^ 

Tha  principal  uneartalntlas  arlsa  from  tha  finita  lina  width.  In  ordar 
to  gat  raasonabla  axposura  timas,  a  tilt  opaning  of  30p  was  usad.  Holacular 
spactral  linas  tand  to  ba  diffusa  rathar  than  sharp  Ilka  atomic  llnas. 

Thasa  two  affacts  gave  an  uncarta Inty  of  about  0.^  A. 
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CNAfTER  IV 


INTtNtlTY  HIASURENENTS 

A.  RaUtIv*  InttnsItUs 

It  w«i  first  attamptad  to  obtain  tha  intansittas  of  tha  spactral  llnat 
diractly  by  using  a  IR2t  photonul tipi  tar  tuba  In  conjunction  with  tha 
spactromatar.  This  spactroaiatar  has  a  sat  of  slits  which  fit  ovar  tha  ax  It 
slit  and  a  wavalangth  driva  machanlsm  to  swaap  tha  spactrum  at  a  constant 
rata.  Unfortunataly^  howavar^  tha  light  laval  provad  to  ba  too  tow  for  tha 
usa  of  a  photonultipl lar.  According  to  Zworykin^*,  any  light  which  can  ba 
photographad  with  an  axposura  of  lass  than  two  hours  can  ba  detectad  by  a 
photonultipl lar.  Howavar^  as  tha  light  laval  dacraasas,  tha  usa  of  oiora 
subtia  tachnlquas  such  as  cooling  tha  phototube  and  pulsing  the  incident 
light  are  required  to  Itnprova  tha  signal  to  noise  ratio.  Tha  light  from  tha 
electron  beam  was  near  the  stated  lower  limit.  Cooling  the  tube  below  the 
temperature  of  dry  ice  was  impossible  with  available  apparatus  because  the 
photomultiplier  had  to  be  mounted  inside  the  spectrometer  at  the  exit  slit. 
Therefore  it  was  determined  that  the  intensities  of  the  spectra  could  not  be 
obtained  with  a  photomultiplier  tube. 

The  means  chosen  for  obtaining  the  intensities  was  that  of  calibrating 
the  film  in  terms  of  density  of  film  vs.  relative  intensity  and  using  a 
carbon  arc  for  a  source  of  a  known  intensity. 

A  seven  step  filter  was  used  to  calibrate  the  film.  The  step  filter 
was  insetted  in  a  photographic  enlarger  and  its  image  focused  on  Oouble-x 
film  below.  The  enlarger  made  it  possible  to  obtain  an  enlarged  exposure  of 
the  step  filter  tnhich  was  easier  to  analyze. 

ir  order  to  minimize  uncertainties  due  to  varying  sensitivity  .'f  the 
film  at  differer:t  wavelengths,  the  light  from  the  step  filter  was  pass.;.! 
through  an  interference  filter  before  reaching  the  film.  The  interference 
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fllur  p«ts«d  light  of  A  with  •  bandwidth  of  about  y)  A. 

A  numbar  of  dlffarant  axposurat  of  tha  ttap  flltar  wara  takan  and  thota 
wara  kapt  whota  ranga  of  dantltlaa  most  closely  matched  that  of  tha  spectra. 

From  tha  step  filter  exposures  a  dansltyralatlva  Intensity  was  drawn. 
Density  was  measured  with  a  Jarrell-Ash  densitometer  which  recorded  the 
results  on  a  Brown  recorder.  Since  the  sensitivity  of  the  densitometer 
varied  from  one  use  to  another,  a  trace  of  the  appropriate  step  filter  was 
taken  immediately  preceeding  and  following  the  recording  of  a  spectrum  density 
to  provide  a  scale  for  relative  Intensity  determinations. 

Sl'hce  the  film  did  not  have  enough  latitude  to  cover  the  range  of 
inten:«]tles  of  the  spectral  lines  observed,  two  exposures  were  taken  at 
each  of  the  two  electron  energies. 

B.  Carbon  arc 

'''he  determination  of  absolute  miens' ties  required  a  standard  for 
which  a  carbon  arc  was  used.  The  Intensity  of  the  light  from  the  anode  can 
be  calculated  by  considering  it  as  a  radiator  with  a  known  emissivity. 

The  results  agree  with  standa'^d  tungsten  lamps  with'n  two  percent.  Fortunately, 
the  intensity  of  the  light  from  the  anode  is  not  a  sensitive  function  of  the 
current  in  the  arc. 

The  carbon  arc  is  an  extremely  intense  light  source.  Since  there  is  no 
P'-ovis'on  on  the  Jarrell  Ash  spectrometer  for  exposure  times  of  less  than 
iometh’  of  the  order  of  a  second,  it  was  necessary  to  decrease  the  intensity 
by  means  of  a  grey  filter  between  the  arc  and  the  entrance  silt  of  the 
spectrometer. 

A  iens  v/as  u,od  to  focus  the  image  of  the  anode  of  the  carbon  ore  on  the 


sweetrometer  ontii.cc  slit. 


21 


A  convenient  wey  of  meklng  e  simple  grey  filter  Is  to  piece  e  number  of 
sheets  of  screen  wire  In  the  path  of  the  light.  The  filter  used  In  this  exper¬ 
iment  consisted  of  seven  sheets  of  ordinary  copper  screen  wire.  The 
ettenuetlon  factor  of  this  filter  was  I?.? 

For  more  precision  then  was  available  with  film  over  the  attenuation 
range  of  the  filter,  the  attenuation  factor  was  determined  using  a  photo¬ 
multiplier  tube.  The  light  Incident  on  the  tube  was  such  that  the  output 
current  was  well  within  the  linear  range  of  the  tube.  The  procedure  used 
was  to  measure  the  output  current  w'th  and  without  the  filter  in  the  path  of 
the  light.  The  ettenuetlon  fector  was  then  the  ratio  of  the  two  current 
readings.  In  order  to  determine  whether  the  filter  really  was  a  grey  filter, 
an  attenuation  factor  was  determined  for  both  white  light  and  light  of 
wavelength  4554  A.  The  factors  agreed  within  15  percent.  The  filter  wes 
decided  to  have  an  attenuation  factor  which  would  have  much  less  uncertainty 
over  the  wavelength  'Snge  in  which  the  spectra  appeared  than  the  uncertainties 
inherent  In  measuring  light  intensities  by  density  of  photographic  film. 

An  approx'mation  was  made  in  considering  the  response  of  the  film  to 
light  to  be  linear  with  time-  in  other  words,  it  was  assumed  that  the  density 
of  the  film  was  a  function  of  the  integrated  light  incident  and  not  of  the 
rate  at  which  it  is  incident.  This  is  not  strictly  true;  however,  any 
measurement  of  the  dependence  on  rate  would  have  involved  the  same  uncertain- 
inherent  in  the  measurement  of  the  intensities  of  the  Sfectral  lines. 

These  uncertainties  arose  primarily  from  converting  film  density  to  intensity 
of  light- 
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C.  Analyst*  of  intsntitiat 

Th#  Planck  fortnula  for  gray  body  radiation  It 


e*h 

xt  .eVK’*-., 


wha  ra 

c*  h  -  5.9«  X  I0-* 

^  -  l.kk  cm  dag 

for  tha  carbon  arc  T  ■  3995  ^ 
a  -  a(X.) 

a  vartas  from  0.708  for  ^  »  2600  A 
to  0.767  for  X.  -  7800  A 

Since  tha  carbon  arc  intensity  curve  is  so  steep  in  tha  wavelength 
region  we  are  interested  In  only  a  small  pan  of  it  which  was  in  a  range 
where  the  density  of  the  film  could  be  measured  with  reasonable  accuracy. 

A  convenient  wavelength  in  this  range  at  which  to  compute  the  intensity 
is  3U5O  A. 

dA  was  computed  from  the  apparent  width  on  the  film  of  lines  in  the 
mercury  spectrum  which  were  k^own  tc  be  very  narrow.  An  average  of  six  of 
these  gave  a  value  of  .7k  t  >02  A 

Computing  the  value  of  the  exponential 

ch  l.kk  x.l0° 

kTX  5.k5x  3995  «  10. k? 

C  a:  C  S  C 

£ll_  -Sil 

we  see  that  we  can  substitute  e  for  e  -I. 

Computing  B  for  \  =  3>k5  x  10  ®  cm  and  T  ■  3995 
B(,\.  T)  =  k.Ok  X  10*  erg/sec/crt® 

The  area  oP  ihc  ca r'jon  anode  is  .38k  cm*.  Thus  the  total  energy 
radiating  from  the  anode  is  k.Ok  x  10*  x  5- 8k  »  1.55  x  10*  erg/^ec. 
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Th«  length  of  exposure  of  the  carbon  arc  was  one  second,  therefore  the  total 
amount  of  energy  reaching  the  film  was  .99  x  10*  erg.  This  corrasponds  to 
a  value  of  $.0  on  the  relative  intensity  scale  derived  from  the  step  filter. 
Thus,  for  the  exposure  from  the  30  ev  electrons  which  lasted  three  hours  the 
rate  at  which  energy  reached  the  film  which  corresponded  to  3*0  relative 
intensity  is  -  3*30  erg/mln.  For  the  exposure  for  the  100  ev 

electrons  which  lasted  six  hours  the  rate  is  ""  ■  2*25  erg/min. 

On  this  basis  the  scale  of  absolute  intensities  is  set  up. 

Heyerott^*  computes  the  fluorescence  efficiency  fo'^  the  band  heads  in 
the  first  negative,  second  positive,  and  ^irst  positive  band 
system  He  defines  fluorescence  efficienev  as  the  quantity 

^ix  hv 

where  is  the  io'»i?»tio"  cross  section  for  the  bard  head,  o.^  is  the 
ionization  cross  section  for  air,  hv  >5  the  energy  of  the  emitted  spectral 
photon  (inev).  His  value  of  the  fluorescence  efficiency  fo*"  the  second 
positive  system  is  about  i/3  less  than  that  for  the  N2^  first  negative. 

There  are  no  absolute  cross  sections  available  for  the  first  positive 
band  system  but  Neyerott  estimates  that  the  fluorescence  efficiency  for  this 
system  is  of  the  same  order  of  magnitude  as  that  of  the  N2  second  positive, 
'(.hie  'M  shows  that  since  the  first  negative  and  Ng  second  positive  band 
system.-,  are  the  only  nitrogen  band  systems  which  appear,  they  must  indeed 
have  fluorescence  efficiencies  of  the  same  order  of  magnitude. 

Computing  the  ratio  of  the  energy  in  the  second  positive  to  that  in 
Ihe  I'irst  -f'. 1  vc  system  f-^r  the  linos  which  Meyerott  derived,  'ing  the 
absolute  intensities  in  Table  we  get  figures  of  .Of  and  .02.  These  Jo  not 
disagree  too  badly  with  Meyerott's  number.  in  preiiminarv  exposures  the 
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Mivelangth  region  of  ^000  to  6000  A  wet  examined  and  no  lines  »#ere  found 

there.  Several  of  the  N  first  positive  lines  occur  In  that  interval  but 

a 

the  most  Intense  lines  have  wavelengths  greater  than  6000  A.  Therafora  no 
definita  conclusions  can  ba  raachad  from  this  data  on  tha  validity  of 
Heyarott's  estimate  of  the  fluorescence  efficiency  of  this  system. 

0.  Uncertainties 

Uncertainties  in  the  absolute  intensity  arise  from  two  origins.  One 
is  the  uncertainty  that  anters  the  computation  of  the  relative  intensities 
from  the  density  of  the  film.  The  estimated  uncertainty  here  is  1^  per  cent 
and  Is  derived  by  observing  the  variation  of  density  as  measured  by  the 
densitometer  over  several  exposures.  The  other  uncertainty  enters  when 
calibrating  the  film  with  the  carbon  arc.  The  curve  of  absolute  intensity 
vs.  wavelength  for  the  carbon  arc  calculated  from  the  Planck  formula  cannot 
be  matched  exactly  to  the  curve  of  relative  intensity  vs.  wavelength  taken 
from  the  exposure  of  the  carbon  arc.  This  introduces  an  uncertainty  of 
obout  25  per  cent,  tne  total  probable  error  in  the  values  of  the  absolute 
intensity  is  approximately  ^4  per  cent. 


E.  Calculation  of  Cross  Sections  and  Yield 

Comparison  of  excitat ion-transition  cross  sections  computed  from  absolute 
intensities  with  results  of  an  experiment  expressly  designed  to  measure  cross 
sections  will  give  an  idea  of  the  degree  of  confidence  with  which  the  results 
of  these  experiments  can  be  generalized.  Finally, a  figure  for  the  yield  of 
radiation  energy  of  the  electron  collision  process  will  be  computed. 

It  '  us  r^'iT,  d-ji  the  reactions  by  which  the  excited  states  of  nitrogen 
molecule  which  give  rise  to  the  observed  spectra  are  reached. 
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Th«  ••cond  positive  (2PG)  system  of  N,  erlses  from  ^  ~  ^ 

trensitlons.  The  C  *ir^  stete  cen  be  excited  from  the  ground  stete  of 
by  either  tnelestic  electron  scetterlng 
e.  +  e  -t  N,  (C  Sy)  ♦  e 
or  by  the  cepture  of  en  electron  by  en  Ion 
b.  n/  +  e-P  (C  Vy) 

The  contribution  of  b.  Is  elimlneted  In  the  leboretory  by  decreesing  the 

eir  pressure  to  ebout  10  ^  mm  or  loMer.  This  Increeses  the  colllslonel  meen 

free  peth  of  the  electrons  to  more  then  the  dimensions  of  the  region  from 

which  light  is  trensmitted  to  the  spectrometer  Tna  cepture  process  requires 

two  collisions/  ionization  and  cepture.  If  we  increase  the  mean  free  path 

to  more  than  the  dimensions  of  the  emission  region  then  tne  probability  of  two 

collisions  occurring  in  th’s  region  becomes  very  small.  Fan^*  has  shown 

experimentally  that  for  pressures  less  than  lo'^  nm  electron  exchange  is 

effectively  the  only  p.-ocess  of  excitation  to  the  C  level  of  N^.  In  our 

experiment  the  pressure  varied  between  10  ^  to  10  ^mm  so  a  small  contribution 

from  the  capture  process  would  be  expected. 

The  first  negative  system  of  arises  from  the  transition 

B  »  X  *  and  is  excited  by  the  reaction 

u  g 

N,  +  X  (B  *£  )  ♦  (X  +  e) 

where  X  can  be  an  electron.  Fan^^  concludes  that  the  contribution  of  direct 
cKcitat'on  from  the  ground  slate  of  must  be  relatively  unimportant.  This 
•s  reasonable  for  the  pressures  used  since  it  would  require  two  collisions. 
From  the  preceding  we  can  see  that  each  photon  emitted  from  the  region 
the  electron  ijt/am  is  the  result  of  one  collision  between  an  el  ectron  and 
a  molecule.  Xnoiher  indication  that  this  i.j  true  is  that  the  curren  .  'n  the 
beam;  including  the  products  of  ionizetion,  was  rouahly  proportional  to  the 


pressure . 
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For  tho  scattering  process  we  have  tha  relation 

61  -  QNI6X  1. 

where  i  Is  the  Intensity  of  the  primary  beam,  N  Is  the  particle  density 
(nitrogen  molecules  In  our  case)j  Q  Is  the  cross  section  for  the  process  under 
consideration,  and  61  Is  the  loss  of  Intensity  of  the  primary  beam  as  It 
travels  a  distance  &x  through  the  gas.  Cross  sections  for  excitations  of  the 
molecule  cannot  be  calculated  directly  from  data  on  emitt^'d  intansity. 

What  can  be  calculated  from  experiawntal  data  Is  the  cross  section  for 
excitation  multiplied  by  a  transition  probability.  For  Instance,  the  second 
positive  band  system  of  involves  C  -  B  trensitions  The  cross 
section  obtained  from  the  formula  would  then  be  the  cross  section  for  excitation 
to  the  C  state  from  tne  ground  state  of  the  molecule  multiplied  by 
the  folotive  probab' I  ty  of  ’he  C  -  6  transition  According  to  Bates*^^ 
ii  obtained  evper •mental) v  is  the  excitation>trarsition  cross  section 
gi  /en  by 


4^ 

u  j  h 


2. 


where 


Z  A.^ 
K 


•s  the  relative  transition  probability  for  transition  from  the  j 


to  the  k  state  and  Qj  is  the  cross  section  for  excitation  to  the  j  state.  If 
toe  can  be  calculated  the  excitation  cross  sections  can  be  computed  from 

;pect/.  '•’tensit'/  measuretrents  - 

Uj for  the  h27Q  A  and  391^  A  bands  of  the  fir  r  negative  system  will 
be  calculated  and  coirpa''ed  with  values  obtained  from  a  graph  'n  a  paper  by 


Fxpe*'" ''TicO'.  'Oi'J'i.ons  inuit  bo  consiucruci  cress  sections  :  he 


calculated.  The  measured  beam  current  consists  mainly  of  primary  electrons. 
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secondary  electrons  from  Ionized  molecules^  and  positive  ions.  We  wili 
regard  as  ssmII  other  contributions  such  as  secondary  electrons  due  to 
bombardment  of  the  anode  by  primary  electrons.  Langmuir  and  Jones^  report 
that  electrons  have  an  ionizing  power  of  about  1  ion  per  primary  electron 
at  an  energy  of  ^  ev  increasing  to  about  1.6  ions  per  primary  electron 
at  100  av.  We  shall  consider  that  the  current  of  primary  electrons  is 
about  1/3  the  total  measured  b^*">  '"‘’’'‘Ant  for  30  ev  electrons  and  1/4  for 
100  ev  electrons.  Table  IV  shows  the  results  of  caiv.^  .tions  using  the 
formula 


1 

N  &X 


3- 


where  6i . , 
J‘< 

inten*  ty  a 


is  the  number  of  photons  reaching  the  film  computed  from  the 
3  measured  on  rhe  film.  6X  is  about  2  cm 


TABLF  IV 


Excitation-Transition  Cross  Sections  for  the  0,1  and  0,0  Bands  of  the  First 
Negative  System  of 

\  Band  (v',v")  Cross  Section  XIO  aiP 


30  ev 

100  ev 

Aaf.  18 

Computed 

Ref.  18 

Computed 

k2  fd  A 

(0,1) 

2 

•32 

2.2 

.13 

;^I4  A 

(U,0) 

3  3.4 

6.0 

1.0 

Since  the  cross  sections  computed  from  our  data  agree  ^airly  well  in 
rf  ir '  tudes  with  itewart*!?®  values  it  is  concluded  that  the  exct'''ions  obtained 
should  be  close  to  tnos»?  which  would  be  obtained  under  ideal  conditio  '  i.e., 

monoenerget ic  primary  electrons  and  a  field  free  excitation  region.. 
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It  is  appropriate  to  insert  here  a  few  words  on  why  conditions  were  not 
favorable  for  observing  the  Integrated  Intensity  of  the  bands.  The  spectrometer 
usad  had  a  high  dispersion  of  8.46  A/mm  and  could  resolve  the  structure  of 
each  of  the  vibrational  bands.  This  meant  that  there  was  recorded  on  the 
film  the  Intensity  of  each  separate  line,  not  the  Integrated  Intensity  of 
the  whole  band  as  in  experiments  such  as  Stewart's.  Therefore  a  higher 
Intensity  of  light  was  required  In  order  to  make  an  exposure  in  a  reasonable 
length  of  time,  in  order  to  get  this  increased  light  output,  the  experimental 
setup  could  not  be  as  subtle  as  It  might  have  been.  However,  as  a  result,  the 
relative  intensities  of  a  number  of  the  lines  In  the  bands  were  obtained. 

Several  assumptions  have  been  implied  In  the  preceding  calculations  that 
were  not  completely  Justified.  The  large  hole  in  the  anode  meant  that  the 
region  of  excitation  was  not  field-free  and  that  the  beam  of  electrons  was 
not  monoenergecic.  It  If  difficult  to  estimate  the  magnitude  of  these 
effects.  Of  course  inhomogeneity  of  the  beam  energy  was  also  caused  by  the 
Boltzmann  discribution  of  the  thermal  electrons  from  the  filaments.  However, 
for  a  tungsten  filament  kT  is  less  than  I  ev  so  this  effect  is  probably 
negl'gible  compared  to  the  effect  of  the  anode  hole.  Optical  absorbtion  was 
assumed  negligible  which  should  be  the  case  at  the  pressures  used.  Recombination 
was  ignored  since  it  need  not  be  taken  into  account  at  pressures  below  lO'^  mn^*. 

One  result  which  is  possible  is  calculation  of  a  figure  giving  a  measure 
of  the  yield  of  the  electron  excitation  process  In  radiation  in  the  spectral 
regior  I'-amined.  We  define  the  yield  as  the  quotient  of  the  rate  at  which 
energy  leaves  the  system  as  radiation  divided  by  the  rete  at  which  energy 
enters  the  system  as  kinetic  energy  of  the  primary  electrons.  After  the  primary 
cIcrtroDi  have  lost  most  of  their  energy  they  will  no  longer  be  au  >  to  excite 
tfte  spectral  lines  which  were  detected.  This  lower  limit  is  about  2.‘-j  <  . 
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The  energy  eve  liable  for  excitation  Is  therefore  about  ev  for  the  50  ev 
primaries  and  about  97«?  ev  for  the  100  ev  primaries.  Taking  the  sum  of 
the  absolute  Intensities  of  all  the  lines  that  were  measureable  as  the  rate 
at  which  energy  leaves  the  system  as  radiation,  value  of  Y  of  4.0  x  lo"*  and 
7.4  X  10**  were  calculated  for  the  50  ev  and  100  ev  electron  spectre 
respectively. 

We  should  like  to  account  for  the  dissipation  of  all  of  the  energy  of  the 
primary  electrons.  Compton  and  Voorhis*^  give  values  for  the  number  of  Ionizing 
collisions  made  per  cm  of  path  at  0.01  mm  pressure  at  25^C.  They  do  not  give 
values  for  oxygen  but  It  is  not  expected  that  these  will  differ  much  from  the 
values  given  for  ftlg.  Therefore  we  shall  take  values  for  Ws  as  representative 
for  air..  At  an  energy  of  100  ev  Compton  and  Voorhis  find  that  electrons  make 
0  I  ionizing  collisions  per  cm  of  path.  Since  the  value  from  which  light  goes 
to  the  spectrograph  has  dimensions  of  the  order  of  I  cm  only  V].o  of  the 
electron  beam  will  have  ionizing  collisions  in  that  volume.  If  we  consider 
the  who'e  bell  jar  as  a  volume  in  which  ionizing  collisions  take  place  we  have 
to  increase  the  dimension  ro  75  cm.  Th'S  would  give  us  a  value  of  75  ionizing 
collisions  per  electron  before  it  reaches  the  waH  This  shows  that  it  is  very 
likely  that  all  electrons  will  undergo  ionizing  collisions  before  they  reach 
the  wall.  It  Is  reasonable  that  the  number  of  light  producing  collisions  will 
be  proportional  to  the  number  of  ionizing  collisions.  In  other  words,  if  the 
’  iinber  ionizations  is  doubled  by  doubling  the  path  length  one  would  expect 
the  niMCMT  of  photons  coming  from  a  certain  deexcitation  also  to  be  doubled. 

One  is  thus  Justified  in  increasing  the  light  production  efficiency  for  the 
whoU-  bell  jar  bv  a  factor  of  75.  This  brings  the  total  proportion  of  energy 
ttpj.'i. ar  incj  in  tii>-'  suectro  to  about  ‘'.5  x  10*. 

Now  that  wc  nev?  calculated  how  much  energy  leaves  the  system  as  i.'.'it  we 
would  like  to  know  what  proportion  of  the  electron  energy  is  dissipated  befo 
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It  strikes  the  well.  Experiment^  shows  that  en  electron  loses  on  the  everege 
about  33  *v  per  Ionising  collision.  This  Is  the  total  energy  lost  per  Ionising 
collision  and  Includes  not  only  the  prisiary  Ionisation  energy^  which  Is  about 
l6  av  for  Hi,  but  also  the  energy  loss  due  to  excitation  collisions  and  the 
Ionisations  by  secondary  electrons.  The  energy  lost  par  primary  Ionising 
collision  In  Ka  and  flit  Is  about  55  nv.  From  these  figures  we  can  see  thet  the 
electrons  should  dissipate  most  of  their  energy  In  excitation  and  Ionization 
collisions  before  they  reach  the  walls.  The  probability  of  recombination  of 
the  Ions  In  the  gass  is  very  smell  at  the  pressures  used.  Most  of  the  Ions 
will  migrate  to  the  wells  where  they  will  stay  unit!  an  electron  arrives. 

The  wall  serves  as  a  third  body  for  the  recombination.  Therefore  most  of  the 
energy  will  be  carried  to  the  walls  by  Ions.  Some  energy  will  be  emitted  in 
wave  length  regions  outside  that  examined  In  this  work,  it  is  difficult  to 
make  quantitative  calculations  because  little  data  has  been  published  on  the 
cross  sections  of  the  various  processes. 

Ore  .vould  expect  that  a  portion  of  the  energy  of  excitat'on  carried  to 
the  wails  by  the  ions  would  eventually  be  released  as  spectra  in  an  infinitely 
large  chamber  such  as  the  upper  atmosphere.  The  mechanism  for  this  would  be 
recombination  with  electrons  resulting  in  excited  states  of  the  nitrogen  molecule. 
F.  Comparison  of  Experimental  Results  with  en  Observation  of  an  Aurora 

Qualitative  comparison  of  the  results  of  this  experiment  with  obser* 
yations  Ki  Barbier^^  of  an  aurora  show  that  the  principal  features  closely 
resemble  each  other. 

Darbier  has  observed  the  spectrum  of  a  low  altitude  aurora  in  Haute 

« 

Province,  France  .  He  obtained  relative  intensities  for  a  number  of  lines 

*  His  is  trie  most  complete  analysis  of  the  intensities  of  tiie  lines  an 
aurora  that  could  be  found  by  this  writer  and  showed  that  the  first  negative 
and  second  positive  systems  of  the  nitrogen  nolecule  were  t>  c  srrongest  I 
in  the  sp- 
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in  the  first  negative  system.  The  lines  he  observed  Mhich  fell  In  our  spectral 
range  are  ^9\k,  kSTfB,  3362,  3664,  4236,  3364,  4199  A.  The  relative  Intensities 
for  thaae  lines  ara  32,  7.9,  6.9#  10,  3.6,  6.9,  0  raspactivaly.  The  Intan* 
sltlas  obtained  from  Table  IN  are  normalized  to  for  the  391^  A  line  are 
32,  4.4,  .73,  1.3,  .42,  0,sniall,  for  30  ev  electrons  and  32,  4.3,  .66,  l.l, 

.74,  .26,  small,  for  the  100  av  electrons.  The  best  agreement  between  these 
sets  of  data  is  that  the  first  negative  system  is  responsible  for  the  lines 
in  the  spectrum  and  that  within  that  system  the  3914  A  line  is  much  more  intense 
than  the  others.  There  Is  then  at  least  some  qualitative  agreement  between 
spectra  of  soma  aurora  and  spactra  produced  in  the  laboratory  by  elactrons 
with  energies  on  the  order  of  100  ev. 
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Chapter  V 

Rockat  Elactron  Gun 

A.  Purpota 

It  is  dasirad  to  tast  tha  valuas  of  tha  officloncy  of  tha  photon  production 
procats  obtainad  in  tha  laboratory  by  sanding  an  alactron  gun  aloft  in  a 
rocket.  An  altitude  of  80  to  100  Km  will  duplicate  the  pressures  used  in 
the  laboratory  experiments.  At  altitudes  greater  than  these  just  as  much 
light  should  be  produced  but  it  will  originate  in  a  larger  volume  so  that 
the  source  will  be  more  diffuse.  It  is  planned  to  send  the  rocket  to  an 
altitude  of  90  to  100  Km.  An  Oriole  rocket  will  be  used;  It  will  be 
launched  by  NASA  personnel  at  Wallops  island,  Virginia  in  late  I96I. 

8.  Payload 

The  payload  of  the  Oriole  rocket  will  consist  of  an  electron  gun, 
batteries,  and  a  device  to  separate  the  payload  from  the  rocket. 

The  olectron  guns,  consisting  of  the  cathode  end  grid  of  a  2E^  tube, 
were  provided  hy  Westinghouse  Electric  Corp.  These  should  be  capable  of 
providing  a  beam  current  of  approximately  one  ampere  w'th  a  f’ lament  voltage 
of  12  volts  and  an  accelerating  potential  of  \‘y0  volts 

The  batteries  are  a  silver-zinc  type  that  is  the  most  compact  and 
lighttMight  per  unit  output  available.  Two  sets  of  batteries  will  be  used, 
one  providing  power  for  the  filament,  the  other  for  the  anode.  At  the  rate 
woich  power  is  to  be  used;  both  sets  will  last  about  four  minutes.  No 
activation  procedure,  as  such,  will  be  followed  for  the  cathode.  Filament 
and  anode  power  will  be  turned  on  after  the  rocket  has  reached  an  altitude  of 
at  least  Km.  £mission  from  the  cathode  is  expected  to  reach  ampere 
about  one  niiiiute  otter  the  power  is  turned  on- 

The  instrument  package  will  be  installed  in  a  metal  cyl inder  which  wi I !  be 
ejected  from  the  rocket.  This  was  determined  to  be  the  simplest  way  to  open 
the  electron  gun  to  the  atmosphere. 
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According  to  colculatlont  a  tourca  of  anargy  of  1.7  watts  at  a  distance 
of  60  Rai  shoMid  appear  as  bright  as  a  fifth  awgnltuda  star  If  tha  light 
producing  process  Is  100  par  cant  officiant.  Our  source  of  power  will  naka 
available  approxlaataly  watts  for  conversion  Into  light,  if  tha  conver¬ 
sion  process  has  an  efficiency  of  greater  than  one  par  cent  the  light  should 
be  visible  from  the  ground. 
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SuMiwry 

Listed  in  Table  III  ere  the  «Mvelengths  and  intensities  of  spectral 
lines  excited  by  collisions  with  air  Molecules  of  electrons  with  energies 
of  30  ev  end  100  ev.  In  the  wavelength  interval  3000  A  to  3000  A  the  pre> 
dominant  lines  in  the  spectri'n  ere  from  the  first  negative  band  system  of 
and  the  second  positive  system  of  N^.  Comparison  with  an  observation 
of  an  aurora  by  Barbler  shows  qualitative  agreement  between  the  spectra. 

Values  of  4  X  10  ^  and  7.k  x  I0~^  are  calculated  for  the  yield  of  the 
excitet Ion-emission  process^  defined  as  the  ratio  of  tha  energy  emitted  as 
optical  radiation  to  the  energy  incident  as  kinetic  energy  of  the  primary 
electrons. 

An  experiment  is  described  which  will  yield  a  measure  of  the  efficiency 
of  the  collision-excitation  process  as  a  light  producing  mechanism  in  the 
upper  atmosphere.  An  electron  gun  will  be  carried  by  a  rocket  to  an  altitude 
of  90  to  100  Km  where  electrons  with  energies  of  150  ev  will  lead  to  excitation 
of  and  emission  from  the  air  molecules. 
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Appendix  I 

Spcctrepraph  Lliwup  Prec«dur» 

Tha  Inttrumtnt  ut«d  to  obtain  tho  tpoetra  nwi  a  Jarral 1-Ash  two  matar 
normal  Incldanca  vacuum  scanning  spactromatar.  It  comas  with  two  gratings: 

a.  600  grovas/mm 

wavalangth  ranga  to  about  3^  A 
d I  spars  Ion  Is  about  8.33  A/m  In  I  ordar 

b.  1200  groovas/mm 

wavelength  ranga  to  about  2730  A 
dispersion  Is  about  4.18  A/m  In  I  order 
The  grating  area  of  both  Is  3  1/2**  x  I  3/6**  and>  with  either,  the  spactromatar 
is  capable  of  resolution  of  about  O.O8  A  in  I  order. 

Tne  focusing  procedure  consists  mainly  of  six  parts: 

A.  adjusting  the  grating  so  that  light  from  the  entrance  slit  falls 
on  the  exit  slit 

B.  aligning  the  rulings  on  the  grating  with  the  entrance  slit 

C.  focusing  the  image  of  the  entrance  slit  oh  the  exit  slot 

0.  making  adjustments  so  that  the  grating  entrance  slit  and  the  exit 
slot  are  all  on  the  Rowland  Circle 

E.  calibration  of  wavelength  drive 

F.  final  alignment  and  focusing 
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A.  I.  Turn  th«  wav«l«ngth  driv*  until  thn  central  Image  It  near  the  canter 

of  the  exit  slot  laterally. 

2.  Rotate  the  grating  about  Its  y-y  axli  by  loosening  one  and  tightening 
the  other  of  the  two  8-32  screws  vertically  opposite  each  other  on 
the  back  of  the  grating  mount  until  the  image  of  the  entrance  slit  Is 
vertically  In  the  middle  of  the  exit  slot. 

B.  I.  Illuminate  the  entrance  slit  with  a  mercury  lamp  and  observe  one  of 

the  lines  with  an  eyepiece.  If  the  grating  grooves  ere  parallel  to 
the  entrance  slit  the  line  will  appear  at  a  rectangle.  If  they  are 
not,  It  will  appear  as  a  parallelogram  sloping  upward  to  the  right  or 
left.  Rotate  the  grating  about  the  x-x  axis  until  the  appearance  of 
the  line  is  correct.  This  is  only  an  approximate  adjustment  and 
must  be  repeated  using  film  following  the  other  steps. 

C.  1.  Illuminate  the  entrance  slit  with  a  mercury  lamp. 

2.  Put  the  slit  plate  in  place  so'that  the  largest  slit  ( lOOp)  is  in 
front  of  the  exit  slot. 

3.  Determine  the  position  of  best  focus  by  moving  the  grating  mount 
assembly  along  the  optical  axis  by  means  of  the  micrometer  screw 
directly  in  front  of  it.  Use  the  Foucault  test.  The  spectrometer 
is  in  focus  when  the  illumination  of  the  grating  by  a  spectral  line 
as  seen  through  the  exit  slit  disappears  uniformly  across  the  grating. 

0.  I.  P'-oceeding  as  in  part  C,  determine  whether  the  spectrometer  is  in 
focus  in  all  parts  of  its  spectrum.  If  it  is  not,  then  the  grating 
must  be  rotated  about  the  z-z  axis  slightly,  and  refocused. 

2.  If,  after  rotating  the  grating,  one  finds  that  the  position  of  best 
focus  is  beyond  the  adjustment  range  of  the  micrometer  screw  the 
camera  mount  assembly  must  be  rotated  slightly  about  its  pivot  bar. 
This  requires  that  one  repeat  the  focusing  adjustment  ond  Step  1  in 
part  0. 


37 


E.  t.  Mlumlnat*  the  silt  with  •  msreury  lamp. 

2.  Oparata  tha  wavalangth  drtva  raading  consistantly  to  higher  or  lower 
wavelengths  in  order  to  minlniaa  backlash  affects.  Record  the  counter 
wavalangth  raading  at  lines  whose  wavelengths  are  known  and  obtain 
tha  algebraic  difference  between  consecutive  readings- 
Make  a  graph  of  the  algebraic  difference  against  true  wavelength. 

See  Illustrations  on  pp.  26  and  27  in  Jarrell  Ash  nMnual.  Repeat 
step  2  after  staking  small  corrections  in  length  of  contact  arm 
until  line  in  graph  straightens  out- 
4.  Repeat  step  2,  staking  sstall  changes  In  the  s’ne  bar  angle  until 
the  line  in  the  graph  approximates  a  horizontal  straight  line. 

^  When  a  horizontal  straight  line  is  achieved,  it  may  be  offset  from 
the  x-a)i:i$  To  zero  the  counter,  ’oosen  the  wavelength  counter, 
disengage  the  gears,  and  set  the  counter  to  zero 
6.  '*‘he  operation  should  be  checked  several  times 

Of  the  above  operating*,  E  will  probably  be  reojired  the  least  frequently. 

For  precise  work,  operations  C  end  D  w'li  be  requ'red  fairly  often  because 
of  a  fault  of  the  machine  The  c.-imera  mount  assemblv  >*  not  attached  to  its 
pivot  bar  by  a  secure  enough  mounting  and  tends  to  slip  on  it  when  force 
is  applied  to  the  assembly,  as  in  installing  the  casiera.  It  would  be 
advisable  to  modify  this  mounting  before  attempting  precision  work  with 
thu  speef  'omerer 

F.  The  final  step  is  to  check  steps  A  through  E  on  film 

I  if  the  line  is  not  long  enough  vertically  and  weii  defined  on 
its  nd*,  the  grating  must  be  rotated  about  the  y-v  axis. 

2.  if  rlic  image  <s  not  evenly  lighted  it  means  the  grating  -  ooves 


are  not  parallel  to  the  entrance  slit,  or  the  grating  must  be 
rotated  about  the  y-y 
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3*  For  final  adjustmenti  of  focus,  taka  a  numbar  of  axpoturas  of 
tha  sama  part  of  tha  spactrum  with  diffarant  sattings  of  tha 
mlcronatar  scraw  (at  tha  grating  mount  astambly)  at  Intarvals 
of  10  divisions.  If  tha  llnas  are  axaailnad  on  a  comparator  It 
will  also  bo  obvious  whathar  tha  grating  groovas  are  parallal 
to  tha  antranca  silt. 

If.  If,  In  stop  3^  It  Is  not  possibla  to  focus  all  the  llnas  at  tha 
same  setting  of  tha  micromatar  knob.  It  will  be  necessary  to 
rotate  the  grating  about  the  z-r  axU  until  they  are  all  in 
aqua  1 1 y  good  focus . 

Repeat  P^rt  E. 

In  step  3  of  Part  F,  the  inaccuracy  of  the  wavelength  drive  will  become 
obi'ious  since  the  spectrum  shifts  every  time  the  micrometer  knob  Is 
adjusted.  Another  problem  stemming  from  the  same  source  is  that  a  particular 
position  of  focus  is  not  repeatable  by  returning  to  the  same  setting  of  the 
micrometer  knob.  Both  of  these  problems  are  due  to  the  fact  that  in  order 
to  adjust  the  micrometer  knob,  a  bolt  damping  the  contact  bar  with  the 
grating  mounting  assembly  must  be  loosened  to  allow  adjustment  and  then 
tightened  again.  This  loosening  and  tightening  allows  the  grating  mounting 
assembly  and  contact  bar  to  shift  relative  to  each  other  in  two  directions. 
One  causes  the  shift  of  the  spectrum,  and  the  other  the  change  in  focus 
C.  -i  i  I  io" 


I 
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Appendix  li 

The  Hoon  as  a  Standard  of  Light  Intensity 
Whan  ona  is  maasurlng  low  lavals  of  light  and  naads  an  intensity  standard 
ha  should  ramambar  the  heavenly  bodies.  Thair  magnitudes  are  wall  known  and 
the  flux  received  from  them  can  readily  ba  calculated.  As  an  example,  the 
sensitivity  of  a  IP2I  photomultiplier  tube  will  ba  measured  using  light  from 
the  ful I  moon. 

The  full  moon  has  an  .verage  apparent  "^nnitude  of  about 

Using  the  formula 

M  ■  m  +  5  -5  log  0 

who.?  H  *  aboslute  magnitude,  m  ■  apparent  magnitude,  and  0  ■  distance  in 
parsecs  (I  parsec  >  3*083  x  ’0^*  km),  we  find  that  the  absolute  visual 
magnitude  of  the  full  moon  at  its  average  distance  of  384,403  km  is  -f3l >91 • 

The  brightness  of  t^e  ful’  moon  is  about  0.26  candles/cm®  at  its  average 
distance.  One  must  remember,  however,  that  this  figure  varies  about  30^/o 
with  the  chanjes  in  the  dlst  ice  between  the  earth  and  the  moon.  To  use  the 


given  above  and  p  is  the  distance  at  the  time  of  the  measurement.  Other 
factors  enter  to  contribute  to  the  experimental  uncertainty  of  the  calculated 
vaiue.  The  major  one  is  variations  in  atmospheric  conditions  which  causes 
variatic-is  in  the  amount  of  light  reaching  the  observer  through  changes  in  the 
absorptio  of  the  atmosphere. 

J^'2  spectrum  of  the  moon  is  identical  to  that  of  the  sun.  If  one  is 
interested  in  a  particular  segment  of  the  spectrum  its  shape  can  be  calculated 
from  Planck's  law  using  the  fact  that  the  sun  can  be  considered  a  black  body 
rodiatat  with  an  effective  temperature  of  6000®K. 

If  wliitc  1  ig.'it  is  to  be  considered  then  the  energy  flux  at  the  eui  ih  is 
readily  calculated.  If  Im  Is  the  luminous  flux  received  from  a  star  of  apporont 
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iaa|nltu4i  m  and  In  that  of  tha  star  af  Mfnltuda  n  than,  in  fanaral, 

(100)"^- (2.512)"^  . 

Tha  tolar  eanatant  of  0.07  Matts/ea^  la  a  wall  known  and  eonvanlant  iH«*ar  fron 
which  to  caleulata  tha  limlnoua  flux  at  tha  aarth  froa  any  haawanly  body,  finea 
tha  apparant  visual  sMpnituda  of  tha  sun  is  -26.72  and  that  of  tha  aoon  Is  -12.5? 

wa  hava 


-  (100)**®^  -  b.66  X  lO'* 

'sun 

Tkarafora.v 

A  maasuraaiant  was  taken  of  tha  light  failing  on  a  photoanilclpl  lar  tuba 
^rom  the  ful!  moon  on  a  clear  night.  The  photomul f 'pi  ier.  an  RCA  IRI,  was 
used  with  a  Genera!  Radic  Etectrometar.  The  photomultiplier  was  placad  in  an 
aiuifinum  box  with  a  hole  in  front  of  tha  cathode.  An  eleven  inch  tuba  of 
Mtck  paper  placed  tcfo'e  the  hole  to  stop  out  ground  lights.  The  sky  In 
r.hr  region  of  the  moor.  »MS  scanned  for  a  maximum  reading  or  the  meter.  With 
an  applied  voltage  of  600  V  on  the  tube  and  an  Input  resistanca  In  tha  alactromatar 
of  I  magohm  an  averaga  reading  of  k.9  t  *5  volts  was  racordad  on  tha  motor. 

Since  tha  output  resistanca  of  tha  photomultipl iar  tube  circuit  was  0.82  maghom 
this  corresponded  to  s  current  of  II  p  amp.  The  area  of  the  cathode  was 
;  £9  ^0  chat  the  rate  et  which  energy  reached  it  was  I .89  x  5.26  ■  6.2  p  watts. 

Ire  sensitivity  of  the  IP2i  photomultiplier  tube  used  to  white  light  was  then 
11/6S  *»  l.8p  amp/p  watts. 
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